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Heme protein-induced tubular cytoresistance: Expression at the
plasma membrane level. Following experimental rhabdomyolysis, animals
become resistant to heme protein-induced acute renal failure (ARF). The
goals of this study were to: (a) ascertain whether this resistance, previously
documented only in vivo, is expressed directly at the proximal tubular cell
level; (b) determine whether heme proteinuria (vs. other consequences of
rhabdomyolysis) is its trigger; and (c) ascertain some of its subcellular
determinants. Rats were injected with a borderline toxic dose of glycerol
and 24 hours later proximal tubular segments (PTS) were isolated for
study. Their vulnerability to diverse forms of injury (FeSO4-induced
oxidant stress, hypoxia, Ca2 ionophore, cytochalasin D, PLA2) was
compared to that found in normal PTS. Post-glycerol PTS manifested
significant resistance to each insult (decreased lactate dehydrogenase
N-acetyl-/3-D-glucosaminidase release). Protection against FeSO4 was
virtually complete and it was associated with a 50% decrease in membrane
lipid peroxidation. No decrease in hydroxyl radical generation was noted
during the FeSO4 challenge (salicylate trap assessment), suggesting a
primary increase in membrane resistance to attack. That PLA2 addition
caused less deacylation, plasma membrane enzyme (alanine aminopepti-
dase) release, and LDH leakage from post-glycerol versus normal tubules
supported this hypothesis. To test whether cytoresistance was specifically
triggered by heme proteins (vs. being a non-specific filtered protein effect,
or a result of endotoxin cascade activation), rats were injected with
purified myoglobin, non-heme containing filterable proteins, or endotoxin.
Only myoglobin induced cytoresistance. In vivo heme oxygenase inhibition
(tin-protoporphyrin) did not block the emergence of cytoresistance and it
was expressed despite Na,K-ATPase inhibition (ouabain) or cytoskeletal
disruption (cytochalasin D). In vivo heat shock failed to protect. In
conclusion, (1) rhabdomyolysis induces broad based proximal tubular
cytoresistance; (2) heme proteinuria is its trigger; and (3) it is most easily
explained by a primary increase in plasma membrane resistance to attack.
Following the development of myohemoglobinuria, the kidney
rapidly acquires resistance to further heme protein nephrotoxic-
ity. A report by Hayes et al from 25 years ago graphically
illustrates this point [1]. This group induced severe myohemoglo-
binuric acute renal failure (ARF) by intramuscular glycerol
injection; one week later, a time corresponding to the late
recovery phase of the ARF, the rats were rechallenged with a
second glycerol dose. However, no further renal damage resulted.
Thus, cytoresistance to myohemoglobinuria had been established.
Very similar findings were reported by Westenfelder et a! [2] and
Oken et a! [3]. However, the latter workers also demonstrated that
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an initial bout of myohemoglobinuria induced cytoresistance
against heavy metal nephrotoxicity. Thus, heme proteinuria ap-
peared to confer a rather broad based cytoprotected state.
Because heme protein-induced cytoresistance has typically
been documented during the recovery phase of ARF [1—3], it has
often been mechanistically linked to tubular regenerative events
[4]. For example, if regenerating tubular cells were inherently
more resistant to injury than mature/quiescent cells, tubular
necrosis and cell replacement might account for the cytoprotected
state. Alternatively, it has also been speculated that an initial bout
of acute renal injury merely eliminates the most vulnerable
tubular cells, leaving behind a relatively resistant population [4].
However, a recent series of experiments by Nath et al [5]
seemingly excludes these two possibilities. This group injected rats
with a subnephrotoxic dose of porcine hemoglobin, and 24 hours
later striking cytoresistance to myohemoglobinuric ARF had
developed. Since the priming dose of hemoglobin caused no overt
renal damage, and since cytoresistance emerged within just 24
hours (too short to permit a tubular regenerative response), these
studies strongly suggest that the cytoprotection was not a direct
consequence of tubular necrosis or regeneration, but rather a
direct and rapid renal adaptation to heme protein exposure.
Despite long standing interest in the phenomenon of myohe-
moglobinuria-induced cytoresistance, the mechanism for it has
remained incompletely defined. However, several intriguing pos-
sibilities exist: First, Nath et al have demonstrated that heme
proteinuria causes rapid heme oxygenase and ferritin expression
within the kidney [5]. Since heme protein nephrotoxicity is widely
believed to be porphyrin iron dependent [6—91, increased expres-
sion of these proteins could accelerate heme porphyrin degrada-
tion and iron sequestration during a second bout of myohemo-
globinuria, possibly explaining the cytoprotected state. That a
heme oxygenase inhibitor (tin-protoporphryin) blocked heme-
triggered cytoresistance in Nath's seminal study [5] strongly
supports this view, Second, a number of experiments suggest that
heme protein-induced cytoresistance is mechanistically linked to
endotoxin tolerance. For example, if rats are rendered endotoxin
tolerant by prior endotoxin injection, resistance to myohemoglo-
binuria results [10, 11]. Of note, endotoxemia can induce renal
heme oxygenase expression [11], providing a possible link to the
above mechanism. However, that passive endotoxin tolerance
(induced by TNFa antibody) confers immediate protection
against glycerol-induced ARF strongly suggests that a non-heme
oxygenase dependent pathway also is involved [12]. Since foreign
heme protein preparations are not endotoxin free, and since
1336
Zager: Heme-induced cytoresistance 1337
glycerol injection rapidly activates the endotoxin-cytokine cascade
[12], either could establish endotoxin tolerance, and hence, cy-
toresistance. That endotoxin tolerance can abrogate renal vaso-
constriction and tubular nephrotoxin uptake [13] suggests patho-
physiologic mechanisms by which cytoresistance could develop.
Third, it is important to note that cytoresistance can develop
following diverse forms of acute tubular injury, and not just
myohemoglobinuria. For example, it has been well documented in
the aftermath of heavy metal and aminoglycoside nephrotoxicity
[reviewed in 4], as well as post-ischemic ARF [14]. Thus, it could
be that heme protein-triggered cytoresistance merely reflects an
acute, non-specific renal adaptation to injury, rather than a
particular response to prior heme protein exposure, per se.
The present experiments were undertaken in an attempt to
resolve some of the above issues. To focus this effort on events
which directly affect proximal tubular cells (the prime target of
myohemoglobinuric ARF), rats were first subjected to myohemo-
globinuria (glycerol injection), and 24 hours later proximal tubu-
lar segments (PTS) were isolated for study. While it is recognized
that proximal tubular cell events are not the only determinants of
myohemoglobinuric ARF (for example, renal vascular responses
and cast formation are also critical) [15], this approach does allow
a dissection of some of the critical cellular issues involved. In
particular, the following specific questions have been addressed:
(1) Does myohemoglobinuria induce renal resistance directly
within proximal tubular cells, or can it only be documented at the
whole organ level (as would be expected if post-heme proteinuric
renal resistance had a purely hemodynamic basis)? (2) If direct
proximal tubular cytoresistance does develop, is it a consequence
of heme proteinuria, or activation of the endotoxin cascade as
discussed above? (3) If heme proteinuria is, in fact, responsible
for the establishment of proximal tubular cytoresistance, is this
phenomenon heme oxygenase dependent? (4) Is post-myohemo-
globinuric proximal tubular cytoresistance relatively specific for
heme/iron toxicity (as suggested by Nath's study [5]), or does it
represent a more broad based cytorotected state (as suggested by
Oken's experiments [3])? (5) If heme proteinuria establishes
tubular cytoresistance, what are some of the subcellular determi-
nants of this state? Investigation into these issues is the subject of
this report.
Methods
Induction of mild myohemoglobinuria: Proximal tubule segment
isolation
Male Sprague-Dawley rats (175 to 300 g; Charles River Labo-
ratories, Wilmington, MA, USA), maintained under standard
vivarium conditions, were used for all experiments. They were
lightly anesthetized with pentobarbital (—30 mg/kg) and then
myohemoglobinuria was induced by intramuscular glycerol injec-
tion (50% glycerol, 8 ml/k, administered in equally divided doses
into the hind limbs). Following recovery from anesthesia, free
food and water access was provided. Control rats were simulta-
neously anesthetized, but received no glycerol injection. Approx-
imately 24 hours later, the rats were re-anesthetized, a 0.5 ml
blood sample was obtained for blood urea nitrogen (BUN)
determination as an assessment of renal function, and then both
kidneys were removed and used for proximal tubular segment
(PTS) isolation, as previously described [16]. In brief, the kidneys
were cooled to 4°C, the cortices were dissected, minced, and
subjected to collagenase digestion for 30 minutes. The tissues
were passed through a stainless steel sieve and viable PTS were
recovered after centrifugation through 31% Percoll. The pelleted
PTS were extensively washed and suspended (—4 to 8 mg
protein/ml) in an experimentation buffer consisting of (in mmol/
liter): NaCI, 100; KC1, 2.1; NaHCO3, 25; KH2PO4, 2.4; MgSO4,
1.2; MgCl2, 1.2; CaCI2, 1.2; glucose, 5; alanine, 1; Na lactate, 4; Na
butyrate, 10 mrvi; dextran, 0.6%; gassed with 95% 02/5% CD2; pH
7.4. The PTS were re-warmed from the isolation temperature
(4°C) to the experimentation temperature (36 to 37°C) over 15
minutes in a shaking water bath. Immediately prior to the start of
experimentation (see below), baseline PTS viability was assessed
by determining the percent of lactate dehydrogenase (LDH)
released (amount of total suspension LDH released from the
tubules into the experimentation buffer) [16].
To ascertain whether comparable PTS preparations had been
obtained from the normal and post-glycerol treated rats, the
following assessments were performed: (1) As indices of PTS
recovery from normal and post-glycerol exposed kidneys, total
PTS protein concentrations (bicinchoninic acid method; Pierce
Chemicals; Rockford, IL, USA) and total PTS suspension LDH
concentrations (a quantitative index of total cell number) were
determined, (2) LDH/total protein ratios were calculated for each
of the preparations. Since the amount of LDH is twice as high in
distal versus proximal tubules [17, 181, comparable ratios for the
normal and post-glycerol treated PTS would suggest comparable
preparations [16]. (3) Concentrations of alanine aminopeptidase
(AAP; a proximal tubular brush border enzyme) in four paired
PTS preparations were determined [19] to further assess degrees
of proximal tubular recovery from the normal and post-glycerol
treated kidneys. (4) Selected PTS preparations were examined
under light microscopy to confirm comparable morphologic ap-
pearances for the two groups; and (5) PTS isolated from one
normal and one post-glycerol injected rat were lightly centrifuged,
the pelleted tissues fixed in 10% formalin, embedded in paraffin,
and 4 LM sections were cut and stained with PAS to visualize the
luminal brush border. The percent of tubule cross sections (200
counted) which demonstrated a luminal brush border (that is, the
% of tubules which clearly were of proximal origin) was deter-
mined.
PTS susceptibility to hypoxic, Ca2 ionophore, and oxidant
(FeSO4) injury
The following set of experiments assessed whether prior injec-
tion of glycerol conferred proximal tubular cell resistance to
diverse forms of cellular injury. To this end, pairs of PTS were
isolated and studied simultaneously (each pair consisting of PTS
extracted from one normal rat and one post-glycerol injected rat;
N 12 pairs). Upon completion of the PTS re-warming period,
each preparation was divided into four equal aliquots (2.5 ml) and
treated as follows: (1) control incubation (incubated for 60 mm
under oxygenated conditions in the absence of any challenge,
thereby serving as an index of PTS viability); (2) hypoxic-reoxy-
genation injury (gassed with 95% N2/5% CO2 and maintained
under these conditions for 30 minutes; subsequently the PTS were
re-oxygenated with 95% 02/5% CO2 and incubated for an addi-
tional 30 mm); (3) Fe2 mediated oxidant injury (incubation with
4 mM FeS0 for 60 mm; [9]); and (4) cytosolic Ca2 loading
(incubation for 60 mm with 50 M A23187, a Ca2 ionophore,
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from Sigma). At the end of the incubations, the extent of cell
injuly was gauged by percent LDH release.
Assessment of lipid peroxidation
Immediately upon completion of the above incubations, the
PTS aliquots which had been subjected to the control and FeSO4
incubations were used to determine degrees of lipid peroxidation
(assessed by malondialdehyde, MDA, concentrations; 9 paired
determinations). Deferoxamine and EDTA (5 m each) were
immediately added to the aliquots at the end of the incubations to
stop ongoing lipid peroxidation and then MDA levels were
determined using the thiobarbituric acid method of Uchiyama and
Mihara, as previously described [20, 211.
N-aceiyl-/3-D-glucosaminidase release in response to FeSO4-
induced injury
Although post-glycerol induced cytoresistance to FeSO4 was
indicated in each of the above experiments by decreased LDH
release and MDA generation (see Results), a third and indepen-
dent marker of cellular integrity was studied: release of N-acetyl-
f3-D-glucosaminidase (NAG; a lysosomal, rather than a cytosolic
enzyme, such as LDH). Four pairs of normal and post-glycerol
PTS were obtained and incubated for 60 minutes under either
normal conditions or in the presence of FeSO4. Of note is the fact
that FeSO4 challenge was selected for testing in this and all
subsequent experiments because it was the one which yielded the
greatest difference in cell injury between the normal and post-
glycerol PTS. After completing the incubations, the percent NAG
and LDH release were determined. NAG was quantified by a
previously described enzymatic technique [22].
Can purified myoglobin injection reproduce glycerol-induced PTS
cytoresistance?
The following experiment was undertaken to ascertain whether
glycerol-induced cytoresistance could be directly attributed to
heme proteinuria (vs. some other consequence of glycerol injec-
tion/rhabdomyolysis/hemolysis). To this end, five rats were in-
jected with horse skeletal muscle myoglobin (#M 0630; Sigma
Chemicals; stock of 30 mg/mI of 5% dextrose/water). A total dose
of 50 mg/100 g body weight was given as two divided subcutaneous
doses administered in the hind limbs. Paired controls received an
equal volume of dextrose/water. Twenty-four hours later, PTS
were isolated and aliquots from each were subjected to 60 minutes
of control (02) or 4 mM FeSO4 incubations, as noted above.
Can non-heme containing low molecular weight proteins trigger
cytoresistance?
These experiments were undertaken to ascertain whether the
emergence of cytoresistance following glycerol/myoglobin injec-
tion is specific to heme proteins or whether it represents a
non-specific result of low molecular weight proximal tubular
protein overload. To this end, four rats were injected with either
ribonuclease (R-5503; Sigma; N = 2) or with lysozyme (Boehr-
inger Mannheim; Indianapolis, IN, USA; N = 2), both of which
are non-heme containing low molecular weight proteins (13,400
and 14,600 molecular weights, respectively). Like myoglobin, they
are readily filtered and reabsorbed by proximal tubular cells [23].
They were administered in an identical fashion to that described
above for myoglobin. Twenty-four hours later, PTS were isolated
from these rats and from paired sham rats and they were
subjected to the 60 minute FeSO4 challenge and control incuba-
tions, as noted above.
Can endotoxemia elicit PTS cytoresistance?
The following experiment was undertaken to ascertain whether
glycerol/heme protein injections confer protection via an endo-
toxin dependent effect, as previously discussed. To this end, three
rats received intraperitoneal injections of E. coli endotoxin (100
.tg; serotype 055:B5; Sigma), a protocol previously shown by this
laboratory to elicit endotoxin tolerance in Sprague-Dawley rats
[13, 24]. Three control rats received no injections (thereby
avoiding the possibility of contaminating endotoxin injection).
Twenty-four hours later, PTS were isolated and they were sub-
jected to the control and FeSO4 incubations, as noted above.
Assessment of PTS hydroxyl radical production
If prior heme exposure increases tubular heme oxygenase/
ferritin expression, decreased Fe dependent hydroxyl radical 0H
generation could result, potentially decreasing Fe mediated prox-
imal tubular injury [5—7]. To test this possibility, PTS 0H
production was gauged by the salicylate trap method [25, 26]. In
brief, salicylate serves as a stable 0H trap with 2,3- and 2,5-
dihydroxybenzoic acid (DHBA) generation being the result. Thus,
DHBA production serves as an index of the 0H burden. Nine
pairs of normal and post-glycerol PTS were each divided into two
aliquots: (1) control (02) incubation; and (2) incubation with
FeSO4. Na salicylate (2 mM) was added to each aliquot. After
completing 15 minute incubations, the PTS suspensions were
extracted and the DHBA concentrations were determined by
HPLC/ electrochemical detection, as previously performed by this
laboratory [9]. Note that only a 15 minute incubation period was
used such that 0H production could be assessed prior to the
onset of lethal cell injury, which secondarily depresses DHBA
generation.
Is glycerol-induced PTS cytoresistance heme oxygenase dependent?
This experiment was undertaken to ascertain whether glycerol-
triggered PTS cytoresistance is heme oxygenase dependent. Six
rats were pretreated with a heme oxygenase inhibitor (tin-proto-
porphyrin; Porphyrin Products, Logan, UT, USA; 20 tmol/kg
body wt, as previously performed by Nath et al) [1. Six paired
control rats received an equal volume (0.5 ml) of the vehicle
(saline). Three hours later, all 12 rats were injected with 7 mI/kg
of glycerol. The tin-protoporphyrin or vehicle injections were
re-administered five and 24 hours following the glycerol injection.
One hour following the last injection, a blood sample was
obtained for BUN determination and then PTS were isolated.
Each preparation was split into two aliquots (subjected to the
control and FeSO4 incubations). The extent of cell injury (%LDH
release) and lipid peroxidation were assessed. Specifically, a loss
of glycerol-induced cytoresistance with tin-protoporphyrin treat-
ment was sought.
Is post-glycerol cytoresistance dependent on Na,K-ATPase activity?
A potential mechanism for PTS cytoresistance could be in-
creased Na,K-ATPase activity, serving to maintain intracellular
electrolyte homeostasis during attack. To test this possibility, the
effect of Na,K-ATPase inhibition (ouabain treatment) on the
expression of cytoresistance was assessed. PTS were obtained
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from four post-glycerol and four sham treated rats, and each
preparation was divided into four aliquots, as follows: (1) control
incubation conditions (02 alone); (2) ouabain addition (0.5mM);
(3) the FeSO4 challenge; and (4) combination FeSO4 + ouabain.
After completing 60 minute incubations, percent LDH release
and MDA levels were determined. A ouabain-induced loss of
cytoresistance was sought.
Is post-glycerol cytoresistance dependent on cytoskeletal integrity?
The following experiment was undertaken to ascertain whether
cytoskeletal integrity is essential to the expression of post-glycerol
cytoresistance. To this end, four sets of PTS were prepared from
normal and post-glycerol injected rats and each was split into four
aliquots as follows: (1) control (02) incubation; (2) cytochalasin D
addition (50 which disrupts the cytoskeleton) [271; (3) FeSO4
addition; and (4) FeSO4 + cytochalasin D. After 60 minute
incubations, percent LDH release and MDA generation were
compared for the normal and post-glycerol PTS. A cytochalasin
D-induced loss of cytoresistance to FeSO4 was sought.
Does heat shock confer cytoresistance to FeSO4?
To ascertain whether heat shock protein (HSP) synthesis might
explain the emergence of the post-glycerol cytoresistant state, four
sets of PTS were obtained from rats 24 hours following 15 minutes
of 41 to 42°C heat shock (a protocol previously shown to induce
HSP-70 synthesis; assessed after 24 hr) [161. They were subjected
to the control and FeSO4 incubations and then percent LDH
release and MDA concentrations were determined. The results
were contrasted to those observed in normal PTS.
PTS plasma membrane susceptibility to exogenous PLA2
The goal of this experiment was to test whether glycerol-
induced cytoresistance might be due, at least in part, to a primaly
increase in plasma membrane resistance to attack (as suggested by
decreased FeSO4-induced lipid peroxidation/LDH release in the
post-glycerol vs. the normal PTS; see Results). To gain support
for this possibility, five pairs of PTS were obtained from normal
and 24 hour post-glycerol injected rats, and each preparation was
divided into four aliquots: (1,2) control incubation conditions for
either one or two hours; and (3,4) incubation with 50 U/mI of
porcine PLA2 (P-6534; Sigma) for either one hour (correlating
with sublethal injury) or for two hours (correlating with lethal
injury). As a specific marker of PLA2-induced membrane deacy-
lation, the hour incubation samples were used to quantitate (free)
fatty acid release (C14:0; C16:0; C18:0; C18:1; C18:2; C20:4), as
previously described [28]. The two hour incubation samples were
analyzed for percent LDH and percent alanine aminopeptidase
(AAP) release, the latter serving as a specific marker of plasma
membrane (brush border) damage.
Calculations and statistics
All values are given as means 1 SEM. Unless otherwise stated,
all statistical comparisons were by paired Student's (-test (since all
experiments were performed in a paired fashion, using simulta-
neously harvested normal and experimental PTS).
Fig. 1. Percent of LDH release from tubules isolated from normal rats (0)
and from rats which were 24 hours post-glycerol () injection. There were no
significant differences observed immediately following tubule isolation
(BL, baseline) or after 60 minutes of control oxygenated (02) incubations.
However, the post-glycerol tubules manifested significantly less LDH
release following hypoxia/reoxygenation (H/R) and Ca2 ionophore-
induced injury. They were virtually completely resistant to FeSO4 attack.
Results
Characteristics of PTS obtained from normal and post-glycerol
injected rats
Twenty-four hours following the 8 ml!kg glycerol injection, the
rats had developed very slight decrements in renal function, as
assessed by BUN concentrations (22 2 vs. 16 1 mg/dl for the
normal rats; P < 0.005). Nevertheless, the light microscopic
appearance of PTS preparations from the post-glycerol and
normal rats were indistinguishable. There were no significant
differences in quantitative tubule recovery from the post-glycerol
and normal rats, as assessed by either total LDH (228 16 vs. 252
16 U/ml of suspension, respectively; NS) or total protein
recovery (4.9 0.8 vs. 5.5 0.4 mg/ml, respectively; NS). The
LDH/total protein ratios were identical for the normal and
post-glycerol treated tubules (mean values of 46), and the AAP
concentrations did not significantly differ (11 1 vs. 9 1 U/mg
protein, respectively). The PAS stained histologic sections re-
vealed that 92% and 94% of the tubules had luminal brush
borders, confirming their proximal tubular origin. Thus, all of the
above assessments indicated highly comparable PTS preparations.
Effect of prior glycerol treatment on PTS responses to injury
LDH release. As depicted in Figure 1, the normal and post-
glycerol PTS had virtually identical degrees of viability (as as-
sessed by % LDH release), both at baseline and after completing
60 minutes of oxygenation. Prior glycerol treatment rendered the
PTS slightly, but significantly (P < 0.01) resistant to both hypoxic!
reoxygenation (H/R) injury and to Ca2 ionophore-mediated
attack. In contrast, the post-glycerol PTS were virtually com-
pletely resistant to FeSO4-induced injury. Whereas the normal
PTS manifested 36 2% LDH release (a 24% increase above the
control oxygenated value), the post-glycerol treated PTS sus-
tained only a 2% increase (to 15 1%; P < 0.0001).
NAG release. As shown in Figure 2, the % NAG release
confirmed the existence of glycerol-triggered cytoresistance to the
FeSO4 challenge (54 1% vs. 24 4% for normal and
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Fig. 2. To confirm decreased FeSO4-induced cell inju7y, release of NAG
(N-acetyl-3-D-glucosaminidase; a lysosomal enzyme) was determined in a
separate set of normal (E) and post-glycerol () tubules and the results were
compared to LDH release. Virtual complete protection was observed in the
post-glycerol tubules, as assessed by either enzyme. Under control (02)
incubation conditions, no significant differences in enzyme release were
observed.
post-glycerol PTS respectively; P < 0.005). The corresponding %
LDH releases were 42 2% and 17 1%, respectively, confirm-
ing the Fig. 1 results.
MDA generation. When maintained under control (oxygenated)
conditions, the normal and post-glycerol PTS manifested compa-
rable, but very low, MDA concentrations (0.15 0.02 vs. 0.12
0.03 nmol/mg protein, respectively; NS). FeSO4 induced striking
lipid peroxidation in all normal PTS (to —6 nmol/mg protein).
The amount of FeSO4-induced MDA generation was —50% less
in the post-glycerol PTS (P < 0.0001; Fig. 3A), indicating that a
correlate of the cytoresistance to FeSO4 attack was a decrease in
lipid peroxidation.
Myoglobin, nbonuclease, lysozyme, and endoxin effects on PTS
responses to injwy
PTS harvested 24 hours following myoglobin injection demon-
strated a modicum of protection against FeSO4-induced injury, as
manifested by a significant decrease in percent LDH release (Fig.
4) and decreased lipid peroxidation (Fig. 3B). Thus, myoglobin
reproduced the essential features of glycerol-mediated cytopro-
tection.
In contrast, neither of the two non-heme containing low
molecular weight proteins (lysozyme, ribonuclease) nor endotoxin
induced any cytoresistance to FeSO4 toxicity, as reflected by either
LDH release (Fig. 4) or MDA generation (Fig. 3 C, D).
Assessment of hydroxyl radical generation by the salicylate trap
method
Under oxygenated/unchallenged conditions, the normal PTS
generated approximately twice as much DHBA as did the post-
glycerol PTS, consistent with decreased 'OH generation in the
post-glycerol group (Fig. 5). Following FeSO4 addition, there
were striking and comparable DHBA increments in both groups,
due in increases in both 2,3- and 2,5-DHBA (see points within
bars in Fig. 5). Thus, despite the fact that the post-glycerol PTS
manifested less 'OH generation under basal conditions, during
the FeSO4 challenge, essentially jdentical degrees of 011 stress
resulted.
Heme oxygenase effects on glycerol-induced cytoresistance
Administration of the heme oxygenase inhibitor tin-protopor-
phyrin potentiated the severity of glycerol-induced renal injury, as
assessed by the 24 hour BUN concentrations (glycerol injection
alone, 23 4 mg/dl; glycerol + tin-protoporphyrin, 40 8 mg/dl;
P < 0.05). Despite the fact that heme oxygenase inhibition did
worsen the severity of in vivo renal injury (confirming the obser-
vations of Nath et al t51), it did not abrogate glycerol-induced PTS
cytoresistance to FeSO4 (no significant increase in % LDH
release or MDA generation with tin-protoporphyrin treatment;
Figs. 3E, 4).
Effect of Na,K-ATPase inhibition on glycerol-mediated
cytoresistance
As shown in Figure 6, ouabain addition did not alter the
viability of either the normal or the post-glycerol PTS under
control incubation conditions. Furthermore, the ouabain did not
attenuate the expression of glycerol-induced cytoresistance. For
example, the post-glycerol PTS demonstrated virtual complete
protection against FeSO4-induced injury (LDH release) whether
or not ouabain was present (Fig. 6). Furthermore, the ouabain did
not significantly alter the extent of FeSO4-induced MDA gener-
ation in the post-glycerol PTS (3.1 0.2 vs. 3.8 0.4 nmol/mg
protein; with vs. without ouabain respectively; NS). Thus, glycer-
ol-induced cytoresistance was completely expressed despite Na,K-
ATPase inhibition.
Effect of cytochalasin D on glycerol-induced cytoresistance
When cytochalasin D (CD) was added to normal PTS, modest
cell injury resulted, as evidenced by a 10% increase () in % LDH
release (Fig. 7). The extent of this CD-induced injury was
significantly less in the post-glycerol PTS ( of 5%; P = 0.01),
further indicating that glycerol induces a broad based cytoprotec-
tive effect. CD addition did not abrogate glycerol-induced cytore-
sistance to the FeSO4 challenge. For example, Fe addition to
normal PTS caused 40 3% LDH release; in contrast, Fe + CD
addition to the post-glycerol PTS caused just 22 2% LDH
release (P < 0.001), indicating a persistent cytoresistant state.
Furthermore, CD did not alter the extent of FeSO4-induced lipid
peroxidation in the post-glycerol PTS (4.2 0.4 vs. 5.1 0.6
nmol/mg protein without vs. with CD addition; NS).
Effect of in vivo heat shock on PTS susceptibility to FeSO4-
induced oxidant stress
In vivo heat shock failed to protect PTS from FeSO4 toxicity
(heat shock, 46 3% LDH release; controls, 43 4%). Para-
doxically, heat shock slightly increased susceptibility to Fe-in-
duced lipid peroxidation (MDA: 6.9 0.2 vs. 6.3 0.2 nmol/mg
protein, P 0.01; heat shock vs. controls, respectively) despite
comparable concentrations under control incubation conditions
(0.2 0.0; 0.2 0.02, respectively).
PTS responses to PLA2 incubation
As shown in Table 1, no significant differences in fatty acid
profiles were apparent between the normal and post-glycerol PTS
under unchallenged conditions. PLA2 exposure for one hour
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Fig. 3. MDA increments in response to FeSO4
addition. For comparison, the MDA
concentrations under control (02) conditions
(that is, no FeSO4) for all of the experiments
were <0.2 nmol/mg protein. A. Tubules
harvested from post-glycerol treated rats
manifested —50% of the FeSO4-induced MDA
increment seen in the normal tubules. B.
Tubules harvested from rats previously injected
with myoglobin (Mgb) developed significantly
less MDA in response to FeSO4 than did
normal tubules. C. Prc-treatment with either of
two non-Fe containing low molecular weight
proteins (ribonuclease, RNase, lysozyme, LZM)
did not reproduce the above Mgb effect (LZMI
RNase data combined since the results were
comparable). D. Endotoxin pre-treatment did
not alter MDA generation in response to
FeSO4. E. Treatment with tin-protoporphyrin
(tin-proto) did not alter the extent of FeSO4-
induced MDA generation by tubules extracted
from glycerol treated rats.
Fig. 4. Percent of LDH release after 60 minutes
of control (02) and FeSO4 incubations. Prior
myoglobin (Mgb) injection significantly
decreased FeSO4-induced cell injury. The Mgb
effect was not reproduced by non heme
containing low molecular wt proteins
(ribonuclease/lysozyme; data combined) or by
prior endotoxin injection. Treatment with tin-
protoporphyrin (tin-proto) did not abrogate the
cytoresistant state induced by prior glycerol
injection. Symbols are: (El) normal; (fill) post-
Mgb; () post-RNaseILZM; ()
post-endotoxin; () post-glycerol; () post-
glycerol + tin proto.
caused deacylation in both groups of PTS; however, the extent of
it was reduced by -—50% in the post-glycerol group (P < 0.03).
These differences were noted at a time of minimal and compara-
ble degrees of LDH release from the two groups (Table 1),
indicating that the fatty acid changes were not merely secondaiy
markers of differing degrees of cell death. After two hours of
PLA2 exposure, significantly less PLA2-induced cell death (LDH
release) was seen in the post-glycerol versus the normal PTS
group (Fig. 8). The post-glycerol group also manifested signifi-
cantly less AAP release, directly indicating a decrease in plasma
membrane damage.
Discussion
It is generally believed that myohemoglobinuria produces ARF
via a complex interplay between hemodynamic (vasoconstriction),
intraluminal (cast formation), and intratubular cell events [15].
Because of its multifactorial nature, it has not been possible to
discern whether the state of renal resistance to injury which
emerges in its aftermath has a hemodynamic basis, and/or whether
direct proximal tubular cell events are involved. To address this
issue, PTS were isolated from normal and post-glycerol treated
rats to determine whether resistance to injury might exist directly
at the tubular cell level. As demonstrated in Figure 1, glycerol
injection did, in fact, establish relative tubular resistance to
hypoxia/reoxygenation, Ca2 ionophore addition, and Fe-induced
oxidant stress. During subsequent investigations into potential
mechanisms underlying this cytoprotected state, significant resis-
tance to PLA2 and cytochalasin D also was detected. Thus, not
only does proximal tubular cytoresistance emerge following glyc-
erol injection, this phenomenon is expressed against highly diver-
gent forms of attack.
Since the post-glycerol PTS manifested near total resistance to
FeSO4-induced cell killing (<5% increment in LDH release), this
challenge was chosen for all subsequent explorations into the
nature of the cytoprotected state. Given that the principal marker
of toxicity used in these experiments was LDH release, it should
be noted that FeSO4 addition to PTS does not interfere with the
performance of this assay [29]. Nevertheless, data confirming
cytoresistance were obtained by calculating NAG release. As
demonstrated in Figure 2, release of this lysosomal enzyme was
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Fig. 5. Dihydroxybenzoic acid (DHBA) generation during 15 minutes of
control (02) and FeSO4 incubations. [The bars represent the sums of (2,3-
+ 2,5-) DHBA concentrations; the dots within the bars depict the mean
2,5-DHBA values.] The post-glycerol tubules () generated substantially
less DHBA than did the normal tubules (LI) under control incubation
conditions (consistent with less spontaneous 0H formation). However,
the extent of FeSO4-induced 0H generation did not significantly differ
[suggesting that the diminution in cell injury (LDH release; Figs. 1,2;
MDA generation Fig. 3A) could not simply be explained by a decrease in
the 0H burdeni.
40
a)
U,
ci) 30
ci)I
-J
10
0
Fig. 7. Assessment of cytochalasin D (CD)-induced cytoskeletal dismption
on the expression of the glycerol-induced cytoresistance. CD caused a
significant increase in LDH release from both the normal (LI) and the
post-glycerol () tubules [LDH increments of 10% and 5%, respectively,
over control (02) incubation values] and the increase was significantly less
in the post glycerol tubules (P = 0.01; not depicted). Despite CD-induced
cytoskeletal damage, the glycerol-induced cytoresistance to FeSO4 re-
mained intact.
P<O.05
NS NSiti.1J_
02 Ouabain FeSO4 FeSO4
+ ouabain
Fig. 6. Assessment of Na,K-ATPase inhibition on the expression of glycerol-
induced cytoresistance. Administration of ouabain in a dose which was just
subtoxic (that is did not cause LDH release by itself) did not prevent the
expression of cytoresistance to the FeSO4 challenge. Thus, glycerol-
induced cytoresistance was not dependent on increased Na,K-ATPase
activity. Symbols are: (0) normal; () post-glycerol.
Table 1. Total (free) fatty acid concentrations under basal conditions,
following PLA2 attack, and corresponding % LDH releases
Total Sat FA Total Unsat FA % LDH release
Basal conditions
Normal PTS 1.3 0.3 0.6 0.1 13 1
Post-glycerol PTS 1.4 0.3 0.7 0.2 13 1
P NS NS NS
PLA2 incubation
Normal PTS 6.6 1.8 28.8 11.9 20 I
Post-glycerol PTS 4.5 1.3 16.5 6.3 18 1
P <0.03 <0.03 NS
Fatty acid concentrations are given as nmol/mg PTS protein. To simplify
data presentation, the sums of the saturated fatty acids (Sat FA = C14:0
+ C16:0 + C18:0) and of the unsaturated fatty acids (Unsat FA = C18:1
+ C18:2 + C20:4) are presented. After one hour of control (basal)
incubation conditions, no significant differences in fatty acid content were
detected. However, after one hour of PLA2 incubation, the extent of fatty
acid release was significantly greater from the normal, vs. the post-glycerol
PTS (statistics by sign rank test, since FA release with PLA2 addition
assumes an exponential, rather than a Gaussian, distribution). (Of note,
PLA2 induced greater unsaturated vs. saturated fatty acid release, as
expected given its preferential activity at the sn2 position). The differences
in fatty acid release preceded a difference in cell death (LDH release),
indicating that they reflected a primary disturbance, rather than a second-
ary manifestation of cell death.
strikingly lower from the post-glycerol versus the normal PTS.
Furthermore, the extent of FeSO4-induced lipid peroxidation was
approximately halved in the post-glycerol group (Fig. 3A). Thus,
three different markers of cell injury confirmed a cytoprotected
state.
Having detected broad based cytoresistance following myohe-
moglobinuria, the next series of experiments were undertaken to
determine whether it is triggered by heme proteinuria, per se, or
some other consequence of glycerol administration and the
resulting hemolysis/rhabdomyolysis. To make this assessment,
purified myoglobin was substituted for glycerol injection and
cytoresistance was sought 24 hours later. As shown in Figures 4
and 3B, myoglobin-exposed tubules were significantly protected
against the Fe challenge, as reflected by both decreased LDH
release and MDA generation. Thus, these findings support the
view that heme proteins trigger the post-glycerol cytoresistant
state. Of note, the extent of cytoresistance was less dramatic
following myoglobin versus glycerol administration. However, this
is not surprising since "one shot" myoglobin injection causes
much more transient myoglobinuria, and hence, less heme protein
uptake, than does glycerol injection. Alternatively, other conse-
quences of glycerol-induced rhabdomyolysis (for example, cyto-
kine release, tissue fluid sequestration with resultant intravascular
volume depletion) could have contributed to this result.
2.500
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Fig. 8. Percent of release of alanine aminopeptidase (AAP; a plasma
membrane-bound enzyme) and of LDH from normal (La) and post-glycerol
() tubules in response to two hour incubat ions with exogenous PL4 No
significant differences in enzyme release were observed under control (02)
incubation conditions. However, there was significantly less AAP and
LDH release from the post-glycerol tubules, indicating increased plasma
membrane resistance to attack. That PLA2 caused less deacylation from
the post-glycerol tubules supports this conclusion (Table 1).
As previously noted, endotoxin tolerance can protect against
glycerol-induced ARF [10, 11]. Therefore, it was critical to
exclude the possibility that the "purified" myoglobin preparation
did not confer tubular cytoresistance because of endotoxin con-
tamination, and the subsequent establishment of an endotoxin
tolerant state. That glycerol injection triggers the endotoxin/
cytokine cascade [121 further raises the possibility that endotoxin
tolerance could be responsible for "heme triggered" cytoresis-
tance. Therefore, rats were pretreated with purified E. coli
endotoxin and 24 hours later cytoresistance was sought. However,
absolutely no decrement in PTS injury was noted, as assessed by
either LDH release or MDA generation (Figs. 3D, 4). Of note,
this laboratory has previously documented that the employed
endotoxin protocol does establish endotoxin tolerance [13, 24].
Thus, the present experiments are the first to provide evidence
that the phenomenon of heme-triggered renal resistance to injury
is not simply an expression of an endotoxin tolerant state.
Furthermore, since endotoxin did not establish direct tubular
cytoresistance, these findings suggest that endotoxin tolerance
may protect against in vivo myohemoglobinuric ARF by attenu-
ating renal vasoconstriction during the initiation phase of injury
[15], rather than by inducing a direct tubular cytoresistant state.
Indeed, that endotoxin tolerance can block renal vasoconstriction
during an experimental model of aminoglycoside-induced neph-
rotoxicity, and that less severe ARF results [131, indirectly sup-
ports this view.
In 1988, this laboratory demonstrated that either heme (myo-
globin) or non-heme containing low molecular weight proteins
(ribonuclease, lysozyme), administered at the time of renal isch-
emia, substantially, and equally, exacerbated the severity of
post-ischemic ARF [231. This suggested that proximal tubular cell
protein overload can cause tubular injury, raising the possibility
that in its aftermath, a cytoresistant state might result. If so, then
post-myohemoglobinuric cytoresistance might stem not from
heme protein overload, but from protein overload, per se. To
exclude this intriguing possibility, rats were injected with either
ribonuclease or lysozyme, and 24 hours later tubular resistance to
FeSO4 was sought. However, none was observed, as assessed by
LDH release and MDA generation. Thus, in sum, the experiments
conducted until this point indicated that: (1) glycerol injection
leads to direct, broad based tubular cytoresistance; (2) the degree
of cytoresistance to FeSO4 is virtually complete; (3) a correlate of
the latter is a reduction in Fe-induced lipid peroxidation; and (4)
the cytoresistance is triggered by heme proteinuria per se rather
than by the endotoxin-cytokine cascade, or "tubular protein
loading." Given this body of information, the remaining experi-
ments were directed at evaluating some of the possible subcellular
determinants of this cytoresistant state.
Since heme proteinuria induces renal heme oxygenase and
ferritin expression [5], a plausible explanation for the emergence
of cytoresistance to FeSO4 would be increased ferritin synthesis,
Fe sequestration, decreased 0H generation and, hence, cell
death. To test this hypothesis, OH production by normal and
post-glycerol PTS was gauged by the salicylate trap method under
normal incubation conditions and during superimposed FeSO4
attack. As depicted in Figure 5, under unchallenged conditions,
the post-glycerol PTS manifested a 50% reduction in DHBA
generation, consistent with increased sequestration of the normal
intracellular catalytic Fe pool. However, the extent of Fe504-
driven DHBA generation was not attenuated in the post-glycerol
PTS, and yet cytoresistance still resulted. Thus, these findings
strongly suggest that cytoresistance to FeSO4 toxicity was not due
to decrements in 0H stress. The most plausible explanation for
why the post-glycerol PTS demonstrated decreased 0H genera-
tion during the control, but not the FeSO4, incubations is that
intracellular ferritin cannot bind extracellular Fe, where it pre-
sumably was inducing direct plasma membrane attack. Alterna-
tively, it is possible that the large Fe load could have overwhelmed
ferritin's Fe binding capacity, such that no significant decrease in
0H generation resulted. Clearly, it remains possible that in-
creased ferritinlFe binding could still serve an important function
during in vivo myohemoglobinuria, as previously suggested [5—7].
However, the present DHBA data argue that this is not the only
determinant of the post-myohemoglobinuric cytoresistant state.
Indeed, that that the post-glycerol treated PTS were resistant to
diverse forms of non-oxidant injury, and not just Fe toxicity,
strongly supports this view.
To further evaluate whether the heme oxygenase/ferritin path-
way is involved with the establishment of post-myohemoglobinuric
tubular cytoresistance, the influence of the heme oxygenase
inhibitor, tin-protoporphrin, on its expression was determined.
Thus, rats were injected with glycerol tin-protoporphyrin to
determine whether the latter would negate the cytoresistant state.
Heme oxygenase inhibition did significantly worsen the severity of
glycerol-induced renal dysfunction, raising the 24-hour BUN
concentrations from 23 4 to 40 8 mg!dl. Thus, this finding
confirms that heme oxygenase does play a critical role in the
evolution of in vivo heme protein-induced ARF, as first indicated
by Nath et a! [5]. However, tin-protoporphyrin had no impact
whatsoever on glycerol-induced PTS cytoresistance (LDH release,
MDA generation), suggesting that heme oxygenase does not
directly protect at the proximal tubular cell level. This raises the
intriguing possibility that heme oxygenase-mediated in vivo renal
resistance to myohemoglobinuria could have a vascular rather
than a direct tubular cell basis. For example, since heme oxygen-
ase is present in endothelial cells [301 and generates carbon
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monoxide (like nitric oxide, a potent vasodilator [311), it could
cause renal vasodilatation during myohemoglobinuria. Since the
initiation phase of heme protein-induced ARF is critically depen-
dent on the presence of vasoconstriction [9, 15], it seems quite
plausible that augmented heme oxygenase expression could con-
fer resistance by a vasodilatory, rather than a direct tubular cell
effect.
A frequently advanced explanation for post-injury cytoresis-
tance is the synthesis of heat shock proteins [32, 331. However,
their role as renal cytoprotectants has remained a subject of
controversy since a number of in vivo and in vitro studies have
failed to demonstrate that they exert renal protective effects [16,
34]. For example, in a previous study from this laboratory it was
shown that in vivo heat shock, which induced dramatic HSP-70
synthesis in rat kidney, conferred virtually no protection against
subsequent hypoxic PTS injury [16]. Nevertheless, it remained
possible that a heat shock response, such as that induced by
myohemoglobinuria, might have protected against FeSO4 toxicity
in the present experiments. To exclude this possibility, rats were
subjected to heat shock and then PTS were isolated 24 hours later.
However, no cytoresistance to FeSO4 resulted, and paradoxically,
heat shock predisposed to Fe-induced lipid peroxidation. Clearly
then, post-heme cytoresistance does not merely reflect a heat
shock response. In addition, these data cast further doubt on
HSPs as generic renal cytoprotectants.
To further explore possible mechanisms of heme protein-
triggered cytoresistance, its dependence on Na,K-ATPase activity
and cytoskeletal integrity were assessed. That cytoresistance to
FeSO4 remained completely intact in the presence of ouabain
indicates that increased Na,K-ATPase activity is neither the
underlying mechanism for the protection, nor a requirement for
its expression. Similarly, cytoresistance was unaltered in the
presence of cytochalasin D (CD). Although no specific marker of
cytoskeletal integrity was assessed, that CD induced 5% and 10%
increments in LDH release from the post-glycerol and normal
PTS respectively indicates that substantial cytoskeletal damage
had indeed occurred. Since the cytoskeleton could be severely
damaged without obliterating cytoresistance, it seems highly likely
that the protection is expressed at a very late stage of the cell
injury cascade. That the post-glycerol tubules were protected
against every form of injury tested further supports this view since
only a very distal determinant of cellular integrity could reason-
ably explain how a cell could withstand such diverse forms of
attack (ATP depletion injury, Ca2 overload, cytoskeletal disrup-
tion, and fulminant oxidant stress).
Given the above considerations, we hypothesize that the phe-
nomenon of cytoresistance is principally mediated by increased
resistance of the plasma membrane to attack. That the plasma
membrane is the ultimate determinant of cell viability, and that
correlates of the cytoresistance were decrements in membrane
lipid peroxidation and improved membrane integrity (decreased
enzyme release) are consistent with this view, To strengthen the
possibility of a primary increase in plasma membrane resistance to
injury, increased resistance to direct PLA2 attack was sought. Of
note, all of the previously employed challenges (hypoxia, iono-
phore, cytochalasin D, and possibly Fe) can presumably cause
injury at intracellular targets, as well as at the plasma membrane.
However, since PLA2 is presumably excluded from the cell
interior because of its size (—14 kD), decreased injury to it would
suggest a primary increase in plasma membrane resistance to it.
As shown in Table 1, after one hour incubations, PLA2 caused
significantly less deacylation from the post-glycerol versus the
normal PTS. Since minimal cell death (LDH release) had oc-
curred at this time, these fatty acid changes seemingly reflect a
primary, rather than a secondary, event. To ascertain whether this
finding would eventually translate into differences in cell viability,
the PLA2 incubations were extended to two hours, thereby
allowing adequate time for lethal cell injury to occur. As shown in
Figure 8, the post-glycerol PTS manifested substantially less LDH
release than did the normal PTS. Furthermore, decreased release
of membrane-bound AAP was noted. Thus, decreased deacyla-
tion, reduced LDH leakage, and dimished membrane AAP re-
lease during PLA2 incubation each support the hypothesis of a
primary increase in plasma membrane resistance to injury in the
aftermath of myohemoglobinuria.
It should be underscored that although decreased membrane
vulnerability to PLA2 was noted in the cytoprotected tubules, it is
likely that this was a reflection of that resistance to injury, rather
than a primary cause of it. For example, in data not presented, we
have documented that FeSO4-induced injury occurs despite min-
imal fatty acid release. Thus, it would be difficult to implicate
resistance to PLA2 as the primary reason for the cytoprotected
state. That membrane resistance to lipid peroxidation was also
noted further suggests that the PLA2 findings merely denote a
state of altered membrane vulnerability to injury, rather than
defining its cause.
How the post-myohemoglobinuric state increases plasma mem-
brane resistance to injury remains unknown. Given the tremen-
dous complexity of this structure, this will be an extraordinarily
difficult issue to resolve. However, we favor the view that follow-
ing sublethal injury and repair, plasma membrane "remodeling"
occurs which in some way leads to the cytoprotected state. In
support of this possibility are three sets of observations: (1) in a
previous study [35], we observed that exposing normal tubules to
subtoxic doses of PLA2 (causing membrane "remodeling") in-
duces an immediate cytoresistant state (decreased hypoxic cell
death); (2) if normal PTS are incubated with FeC13, plasma
membrane lipid peroxidation and cytoresistance to ATP depletion
injury (hypoxia, antimycin A) result [21]; and (3) PTS cytoresis-
tance can emerge in the aftermath of diverse forms of cell injury
(such as, ischemia, ureteral obstruction) and not just myohemo-
globinuria [36]. Thus, it seems most likely that post-myohemoglo-
binuric tubular cytoresistance stems from a generic membrane
response to cell injury, rather than from a specific cellular
adaptation to heme proteinuria, per se.
In conclusion, the present experiments demonstrate that the
phenomenon of post-myohemoglobinuric cytoresistance, previ-
ously documented in vivo, can be expressed directly at the
proximal tubular cell level. However, unlike the in vivo state
where post-myohemoglobinuric resistance is, at least in part,
heme oxygenase/endotoxin tolerance dependent, direct proximal
tubular cytoresistance appears to develop independently of these
pathways. Thus, multiple mechanisms, presumably involving the
vasculature and proximal tubular cells, appear responsible for
heme-triggered renal resistance to in vivo injury. The available
data suggest that the proximal tubular resistance: (1) is expressed
against highly diverse forms of injury; (2) cannot be explained by
decreased 0H generation; (3) does not depend on increased
Na,K-ATPase activity; and (4) can be expressed in the setting of
a severely damaged cytoskeleton. These observations, plus the
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fact that the cytoresistant tubules manifest less lipid peroxidation
and deacylation during Fe and PLA2 attack, respectively, suggest
that a primary increase in plasma membrane resistance to injury is
responsible. How ithis is acquired remains unknown. However,
membrane"remodeling," triggered in response to in vivo tubular
injury, is likely to be involved.
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